Understanding of the uplifting of Asian pollution plumes into the free atmosphere is key to evaluating the impact of trans-Pacific transport on hemisphere-scale chemical compositions. In this study, a regional chemical transport model combined with lidar and surface observations off the northwestern Pacific Rim was used to investigate the uplifting mechanisms of Asian pollutants in the spring of 2011. The potential source regions of anthropogenic fine particulates in the boundary layer and free atmosphere in western Japan were also indentified. The model reproduced accurately the observed surface anthropogenic PM 2.5 with correlation coefficient ranging from 0.5−0.65 and its vertical profiles in East Asia. Long-range transport from the Asian continent was responsible for the high anthropogenic PM 2.5 concentrations in the free atmosphere over northwestern Pacific Rim in spring, with a contribution of 55−70% in selected five cases. The rarely-reported local weak trough and the saddle field over northeastern Asia were found to be important uplifting mechanisms from the boundary layer to the free atmosphere in addition to the well-known warm conveyor belt mechanism (WCB). It is suggested that more studies on these two mechanisms are needed.
Introduction
East Asia has experienced a dramatic increase in anthropogenic emissions along with rapid urbanization and industrialization over the last few decades. It is becoming evident that anthropogenic emissions from Asia have the greatest potential to affect the northern hemisphere in the persistent mid-latitude westerly winds (Wild and Akimoto 2001; TFHTAP 2011; Lin et al. 2012 ). In contrast to the low-altitude pathway of trans-Atlantic transport (0−2 km), trans-Pacific transport of Asian pollutants (e.g. sulfate) usually occurs in the free atmosphere (2−6 km) (Dunlea et al. 2009; Luan et al. 2012) . The warm conveyor belt (WCB) and convection are thought to be key mechanisms lifting Asian outflows to the free atmosphere (Carmichael et al. 2003; Liu et al. 2003; Liang et al. 2004; Wild et al. 2004; Yoshitomi et al. 2011) . Precipitation in the long-range transport cannot be ignored because wet scavenging is ability of affecting the efficiency of lifting. However, understanding of the uplifting of pollutants from the boundary layer (PBL) to the free atmosphere (FA) is still not sufficient, as stated by Wang et al. (2006a) , and current regional/global models underestimate the trans-Pacific transport in the upper troposphere compared with observations during the Transport and Chemical Evolution over the Pacific (TRACE-P) (Lin et al. 2010 ) and the Tropospheric Ozone Production about the Spring Equinox (TOPSE) projects. The northwestern Pacific lies in the adjacent downwind regions of the Asian mainland, where dry continental air from over Eurasia meets warmer, more humid air, causing Asian pollutants to ascend to the middle/upper troposphere (Holzer et al. 2005; Yoshitomi et al. 2011) . Therefore, understanding the uplifting of pollutants over the northwestern Pacific is vital to the extension of our knowledge of trans-Pacific transport of Asian outflows.
To better understand the Asian outflows, the Research Institute for Global Change (RIGC/Japan) and the National Institute of Environmental Science (NIES/Japan) conducted continuous field observations at Fukue island (128.68°E, 32.75°N, 80 m a.s.l.) and Nagasaki (129.9°E, 32.8°N, 330 m a.s.l.) in western Japan to measure surface concentrations and vertical profiles of fine particles (PM 2.5 ) in March-April 2011 (Kanaya et al. 2010) . At the same time, Peking University, the Chinese Research Academy of Environmental Sciences (CRAES) and the Institute of Atmospheric Physics observed pollutants at three remote/rural sites (Changdao (120.7°E, 37.96°N, 0 m a.s.l.), Hongze Lake (118.46°E, 33.33°N, 13 m a.s.l), Xinglong (117.6°E, 40.4°N, 879 m a.s.l)) in eastern China. As one part of these field campaigns, this study is designed to investigate the uplifting mechanism of Asian mainland pollutants and to identify possible source regions of pollutants at different altitudes by using a regional chemical transport model. The potential effect of precipitation is also discussed.
Methodology

Sampling site and measurement technique
As a remote island, Fukue is located at the western end of Japan along the northwestern Pacific Rim (Fig. S1 ) close to the Asian mainland (Kanaya et al. 2010) . In the present study, PM 2.5 was continuously measured by a synchronized hybrid ambient real-time particulate monitor (SHARP monitor). Nagasaki is situated about 100 km east of Fukue. Continuous measurements of the vertical distributions of aerosol particles with a vertical resolution of 6 m have been performed with a dual-wavelength (1064 nm, 532 nm), depolarization lidar under the NIES lidar network over east Asia (http://www-lidar.nies.go.jp/). An algorithm using the depolarization ration was developed for estimating the extinction coefficients of non-spherical (dust) and spherical aerosols (anthropogenic pollutants) separately in an aerosol mixture (Sugimoto et al. 2003) . Hourly PM 2.5 data at three remote/rural stations in eastern China (Changdao, Hongze Lake and Xinglong) were collected with a TEOM Series 1400a Ambient Particulate Monitor. The locations of all five stations are plotted in Fig. S1 .
Model description
We employed the Nested Air Quality Prediction Modeling System (NAQPMS) model to simulate the three-dimensional structure of Asian pollution plumes. NAQPMS is a fully-modularized, three-dimensional, regional, Eulerian, chemical-transport model shown). Figure 2d shows that the high PM 2.5 came from central China (C.CHN), northern China (N.CHN) and the northwestern Pacific Rim (NW.PACRIM). The contribution from the local region (JPN) was constrained in the boundary layer. This indicates that PM 2.5 from the Asian mainland must be uplifted into the free atmosphere during the long-range transport. A special synoptic pattern was responsible for this uplifting process. As illustrated in Fig. 2a , a weak trough at 850 hPa existed in eastern China along a line between 110°E, 33°N and 130°E, 45°N. C.CHN, N.CHN and NW.PACRIM are located ahead of this trough line. The trough system, with associated vorticity advection and temperature advection, caused large-scale ascent of pollutants over these regions. Then the uplifted PM 2.5 was transported to Nagasaki under the prevailing northwesterly air flows. Figures 2e and f clearly shows that PM 2.5 produced in C.CHN ascended to 2.5−3 km to the west of 122°E and was quickly transported to upper air at Nagasaki under strong westerly winds. In contrast to the previously described WCBs (ascending areas on the eastern side of the mid-latitude cyclone) (Cooper et al. 2004) , the trough in the present study was local (only part of northeastern China) and located in the western part of the cyclone (WCB is in the eastern part of the trough). This study suggested that the local trough system over eastern China should receive more attention as it is able to lift pollutants in these industrialized regions to the free atmosphere, where it may potentially reach North America. Case II: As in Case I, long-range transport from the Asian mainland with no rain was responsible for PM 2.5 in the free atmosphere at Nagasaki. NW.PACRIM, C.CHN and N.NHN were the three most important source regions of PM 2.5 in the free atmosphere ( Fig. 3d and Table S2 ). A strong transport pathway exited the layer 1.5−3 km above ground during transport from the continent to western Japan (Fig. 3f ) . As shown in Fig. 3a , it is the updeveloped by the Institute of Atmospheric Physics, Chinese Academy of Sciences. The mesoscale meteorological model (WRF-ARW3.0) is used to provide hourly meteorological fields. The physical and chemical evolution of reactive air pollutants was reproduced by solving the mass-balance equation in terrainfollowing coordinates. An accurate mass conservative, peakpreserving algorithm is used to deal with advection (Walcek and Aleksic 1998) . The vertical eddy diffusivity and convection are parameterized based on a scheme by Byun and Dennis (1995) and Emanuel's (1991) , respectively. Li et al. (2007; 2011) provide details of the model system. An on-line tagged-tracer scheme was coupled to NAQPMS to quantitatively identify the 3-D structure of trans-boundary transport from different particulate-matter production regions over East Asia (Li et al. 2008) . In the present study, we tagged seven independent regions, including three PM 2.5 production regions in China, as shown in Fig. S1 (emissions) . Table S1 in the supplement lists population, gross domestic product (GDP) and nitrogen oxide (NO x ) emission of each tagged region. Using the tagged-tracer method, we can take the PM 2.5 concentration at any given location in regions where the PM 2.5 has been produced, with no error in the PM 2.5 mass budget brought about by non-linearity of the chemistry in the sensitivity approach.
Two nested domains with 80 km-20 km horizontal resolution were configured in this study (Fig. S1 ). Vertically, 20 layers extended from surface to 20 km a.s.l., with the lowest 10 layers below 2 km. The emissions included anthropogenic emissions (REAS version 2.0, J. I, Kurokawa personal communication, 2012), biomass burning (Li et al. 2008 ) and natural emissions (Guenther et al. 1995) . The initial and boundary conditions were provided by a global CTM MOZARTv2.4 with 2.8° resolution (Emmons et al. 2010 ). The simulated period was from 10 March to 20 April 2011. The first 15 days were regarded as the spin-up period to reduce the impact of the initial conditions. Figure 1 shows simulated and observed vertical profiles of anthropogenic and dust particulates at Nagasaki during the study period. Besides expected intensive pollution episodes at the surface, high concentrations of anthropogenic PM 2.5 were frequently found in the free atmosphere (above 1.5 km) (Fig. 1a) . In certain cases, concentrations of PM 2.5 at 1.5−4 km were even higher than surface values (Fig. 1a) . For example, the average anthropogenic PM 2.5 on 2−3 April at 1.5−4 km reached 22.1 µg m −3 , twice the value at the surface (Table S2) . Table 1 lists the description of four typical cases with high PM 2.5 in the free atmosphere and one case in which high PM 2.5 was constrained in the boundary layer. In Case I and Case IV, PM 2.5 in the free atmosphere was more than that in the boundary layer. In Cases II and V, high PM 2.5 extended from the surface to the free atmosphere ( Fig. 1 and Table S2 ). The simulation reproduced the vertical structure of PM 2.5 in these five defined cases reasonably well (Figs. 1b and e) . Comparison of the simulation with surface observations at three remote/rural stations in eastern China also showed good performance of the aerosol simulation (Fig. S2 in the supplement) . Their correlation coefficients and mean bias ranged from 0.5−0.65 and -20%−10%, respectively. Note that PM 2.5 on 8−13 April was influenced by dust particles, as shown in both observations and simulation (Figs. 1c  and d) . The subject of dust transport is beyond the scope of this study and will be discussed in a forthcoming paper.
Results and discussion
Figures 2−6 and Table S2 in the supplement present the contribution from each tagged source region and its vertical profile for the five cases.
Case I: A contrasting situation was found when PM 2.5 at Nagasaki in the boundary layer (< 1.5 km) and that in the free atmosphere were compared (Figs. 2b and c) . The boundary layer was controlled by weak northerly winds and sustained low PM 2.5 (10.1 µg m ) under the prevailing northwesterly winds in the free atmosphere (Table S2 in the supplement). Little precipitation was found over the study lifting motion ahead of the local weak trough over eastern China that caused pollutants over the Asian mainland to slowly ascend into the free atmosphere and then to reach Fukue and Nagasaki within northwesterly air flows (Fig. 3c) . A difference from Case I is that northwesterly winds prevailed in the boundary in this case rather than northerly winds. The northwesterly winds transported pollutants to Nagasaki from the continent and increased surface PM 2.5 , while northerly winds in Case I brought clear air masses.
Case III: In contrast to Cases I and II, PM 2.5 was constrained in the boundary layer (18.1 µg m −3 ) at Nagasaki, and its average concentration was only 2.5 µg m −3 in the 1.5−4-km layer (Table  S2 and Figs. 4b and c) . Both local emissions and long-range transport were below 1.5 km above ground (Fig. 4d) . The saddle field over the North China Plain and northeastern China (110−130°E, 39−48°N) was responsible for the vertical profile of PM 2.5 (Fig.  4a) . Under this saddle field, there were two high-pressure systems, over Lake Baikal and the East China Sea, and two low-pressure systems, over northeastern China and western China. Such a saddle field provided particularly favorable conditions for the strong uplifting motion along the trough line because of the interaction between southern, warm, humid air and northern, cold, dry air. The pollutants from the southern polluted regions ascended into the middle and upper troposphere and were transported to the northeast (poleward) under the mid-latitude cyclone (Figs. 4a  and c) . Nagasaki was located in the southeast of the saddle field and was controlled by the high-pressure system which was in the . The arrows in (f ) mean zonal and vertical wind fields (w*150) in m s −1 (horizontal and vertical arrows). The thick brown and black line in (a) and (e) represents the locations of trough line and height-section, respectively. The marked solid cycles means the location of Nagasaki. China sea (Fig. 4a) . This high-pressure system forced ascending pollutants to flow to the southeast (Nagasaki), where descending air masses dominated. So PM 2.5 in the free atmosphere at Nagasaki remained continuously at a low level during the 2-day period defining Case III. In the boundary layer, the anticyclone corresponding to the high pressure brought surface pollutants to Nagasaki, as reported from previous studies (Fig. 4b) (Wang et al. 2006b ). Figure 4f clearly shows that the pollutants from C.CHN flowed to the northern trough line and slowly ascended. However, because of the dominant high pressure, pollutants were constrained in the boundary layer along the latitude of 33°N, where Nagasaki is located.
Case IV: In this case, the saddle field on 850 hPa moved southward to 25−35°N, an area that included the Yangtze Delta, the China East Sea and the western part of Japan. In this synoptic pattern, N.CHN was under high pressure and its pollutants were transported to the Yangtze Delta (Fig. 5c) . Pollutants from N.CHN, S.CHN and NW.PACRIM converged in the saddle region and then were effectively uplifted into the free atmosphere because of the interaction between cold and warm air masses (Fig. 5a ). These uplifted pollutants were transported to the upper level at Nagasaki (Fig. 5d) under the persistent mid-latitude westerly zonal winds ( Fig. 5f ) (22.1 µg m −3
, Table S2 in the supplement). Figure 5f shows the vertical transport pathway of PM 2.5 produced in C.CHN. The uplifting of PM 2.5 in middle latitudes of eastern China and eastward transport in the 2−4-km layer can be easily seen. Note that 5−10 mm day −1 precipitation can be found over eastern China ( figure not shown), which indicated that precipitation did not significantly prevent the uplifting of aerosols. In the boundary layer, as shown in Fig. 5b , northerly winds dominated eastern China and the northwestern Pacific under the control of the continental high-pressure system. The clear air masses from the Siberian and Japan seas allowed PM 2.5 at Nagasaki to remain at a low level during this period (12.4 µg m −3 , Table S2 in the supplement). Case V: In this case, high PM 2.5 extended from the surface to the free atmosphere. The PM 2.5 at 0−1 km and 1.5−4 km reached 39.4 and 26.4 µg m −3 , 2.5 times the mean concentrations in the whole study period. Long-range transport from C.CHN, N.CHN, S.CHN and NW.PACRIM were the most important causes of the high values (Fig. 6d) . Figure 6a shows the synoptic pattern on 850 hPa for this case. A strong cyclone stayed over the eastern rim of Siberia (135°E and 45°N) , and the trough extended southwestward to eastern China (25°N). In the eastern part of the trough, a warm conveyor belt (WCB) with southwest winds dominated the Korean peninsula, Japan, C.CHN and the northwestern Pacific Rim. WCB is the most important uplifting mechanism because of its ability to lift boundary-layer pollutants from the cyclone's warm sector to the vicinity of the jet stream in the upper troposphere (Wuebbles et al. 2007) (Fig. 6f ) . As a result, a high PM 2.5 belt at 1.5−4 km stagnated in the mid-latitudes of the northwestern Pacific Rim (Fig. 6c) , although a precipitation (10 mm day −1 ) belt stayed there.
Finally, we can conclude that the local weak trough and saddle field over northeastern Asia are important uplifting mechanisms of Asian continental pollution plumes over the northwestern Pacific, in addition to the well-known WCB mechanism. This indicates that more observations and simulations of these two rarely reported uplifting mechanisms are needed to understand the trans-Pacific transport in the upper troposphere.
Conclusion and recommendations
Trans-Pacific transport of Asian pollution plumes has recently received a great deal of attention in studies of the atmospheric environment since the 1990s. Lifting mechanisms are one of the most efficient means of transport. However, great deficiencies in understanding lifting mechanisms still exist. We here used a regional chemical-transport model with an on-line tagged module (NAQPMS) to investigate the uplifting mechanism of Asian mainland pollutants over the northwestern Pacific Rim in the period 25 March−20 April 2011. The results showed that the model reasonably reproduced the lidar-observed vertical profile of PM 2.5 at Nagasaki, a site in western Japan. Simulations of surface PM 2.5 at three remote/rural sites in China were also in agreement with observations within 20% and with correlation coefficient in day-to-day variability ranging from 0.5 to 0.65 (Fig. S2) . Four typical transport cases in the free atmosphere and one transport case in the boundary layer were captured well. The on-line tagged module shows that long-range transport from the Asian continent was responsible for the high PM 2.5 concentrations in the free atmosphere at Nagasaki with a contribution of 55−70%, while contribution from local emissions (JPN) to PM 2.5 concentrations was constrained in the PBL in the selected five cases. In the four transport cases in the free atmosphere, the local weak trough and saddle field over northeastern Asia were found to be important, rarely reported, uplifting mechanisms from the boundary layer, in addition to the well-known WCB mechanism (Table 1 ). This suggests that more studies on these two mechanisms are needed. a three types of vertical structure of PM 2.5 are defined: 1: PM 2.5 in free atmosphere is much higher than surface; 2: high PM 2.5 extends from surface to free atmosphere; 3: surface PM 2.5 is much higher than free atmosphere
